Abstract: Controlled radical polymerization of styrene was initiated using Nmethyl-2-pyrrolidone (NM2P) and 1-dodecanethiol (1DT). This polymerization system exhibited "living" characteristics, namely the molecular weight averages of resulting polymers increased linearly with conversion, which has been determined by gel permeation chromatography (GPC) analysis. The polymer was additionally characterized with Fourier transform infrared spectroscopy (FTIR) and proton nuclear magnetic resonance ( 1 H NMR) spectroscopy. Kinetics of controlled radical polymerization has been studied and the temperature dependency of overall polymerization rate constant has been determined. A comparison of conventional bulk radical and controlled bulk radical polymerization of styrene has been explored. Conventional radical polymerization was initiated with 2,2'-azobis(2-methylpropionitrile) (AIBN), whereas 1-dodecanethiol was applied as a chain transfer agent. The reaction rate of controlled radical polymerization was slower than the reaction rate of conventional radical polymerization initiated with AIBN. Consequentially, the activation energy and the pre-exponential factor were lower in the case of controlled polymerization in comparison to the ones observed in the conventional -AIBN initiated -system. Furthermore, by comparing the controlled to the conventional radical polymerization lower polydispersities were observed. Macromolecular structure analysis suggested a more linear chain structure in the controlled radical polymerization system. The thermal properties of polymer products have also been studied and the corresponding glass transition temperatures were higher upon comparison of the conventional and the AIBN initiated system, respectively.
Introduction
Radical polymerization has generated considerable interest and research in macromolecular chemistry and remarkable progress has been made in this field [1] . Goals in macromolecular research are to increase functionality, improve processing, generate less material waste and reduce costs. These objectives can be achieved by the synthesis of new polymers with well-defined chemical structures, monodispersity of molecular weights, controlled stereochemistry and cross-linking as well as many other structural features. Modern research in materials is oriented towards living polymer systems, which allow more control over the mechanism of polymerization. These include a variety of mechanistic types such as anionic, cationic, radical, coordinative, ring-opening and group-transfer polymerization methods [2] .
Living radical polymerization has been difficult to control at the level attained for living ionic polymerizations [3] , but the greater versatility of free-radical polymerization and co-polymerization compared to ionic polymerizations somewhat compensates for this deficiency [4] . Free-radical polymerization can be conducted over a wide temperature range, using a variety of solvents which can be applied to a wide variety of monomers. These reactions are described as controlled radical polymerization or controlled/living radical polymerization, due to the presence of unavoidable termination [1] .
Controlled radical polymerization employs the principle of equilibration between growing free radicals and various types of dormant species. There are several approaches for controlling free radical polymerization by suppressing the contribution of chain breaking reactions and assuring quantitative initiation. They can be classified depending on the mechanism and chemistry of the equilibration/exchange process, as well as on the structure of the dormant species. Three methods, among them amine oxide (nitroxide) mediated polymerization (NMP) or stable free radical polymerization (SFRP), metal catalyzed atom transfer radical polymerization (ATRP) and reversible addition fragmentation chain transfer (RAFT) processes are used extensively [1] . Besides the processes mentioned above the concept of the iniferter proposed by Otsu et al. in 1982 is still an extremely attractive method [5] . In controlled radical polymerization compounds with low decomposition energy can be used as initiators. These compounds, additionally act as transfer agents and terminators, therefore they are called iniferters [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . There is a common misconception that any process that limits radical recombination reduces the rate of termination and as such can result in living polymerization behaviour. Contribution of chain breaking reactions is indeed reduced in controlled/living polymerization, but it does not mean that the rate of termination is reduced. The process that limits the apparent radical recombination would be the reversible activation, which on one hand does not reduce the intrinsic rate of termination, yet on the other promotes the reversible formation of radicals. The rate of termination is a function of the termination rate constant (linear) and concentration of radicals (quadratic). Concentration of radicals does not have to be lower in the controlled/living polymerization than in the conventional polymerization and the termination rate constant may be of the same order of magnitude. The possibility of designing optimal material properties by using the appropriate grafted block structures suggests a tremendous commercial potential whereby both block and grafted copolymers have achieved considerable industrial importance. Nevertheless, in contrast to ionic technique, the synthesis of block or grafted copolymers via radical mechanism has several important advantages, e. g. wide choice of monomer combinations and less sensitivity to impurities [18, 19, 20] .
According to Matyjaszewski et al. [1] some iniferters exhibit a persistent radical effect towards different monomers and some do not. Hu and Chen [19] studied the controlled radical polymerization of methyl methacrlylate (MMA) by N-methyl-2-pyrrolidone and 1-dodecanethiol. This system exhibited "living" characteristics. In order to investigate the applicability of this iniferter system, the controlled radical polymerization of a non-polar monomer was carried out.
The aim of this work was to study the controlled polymerization of styrene, initiated with N-methyl-2-pyrrolidone and 1-dodecanethiol, which react and form an intermediate. The latter decomposes and forms two radicals, one of which initiates the polymerization reaction and the other reacts reversibly with growing polymer chains to produce the final polymer structure. This intermediate should in effect act as an iniferter. Kinetics of the controlled radical polymerization and the temperature dependency of the overall polymerization rate constant are reported. The polymer was characterized with Fourier transform infrared spectroscopy (FTIR) and proton nuclear magnetic resonance ( 1 H NMR) spectroscopy. As will be shown, this polymerization system exhibited "living" characteristics. On the other hand, the conventional polymerization of styrene was initiated using AIBN, while 1-dodecanethiol was applied as a chain transfer agent. A comparison of conventional and controlled bulk radical polymerization of styrene is presented. Finally, the obtained polymer's structural and thermal characteristics are discussed.
Results and discussion

Two-component iniferter synthesis rate constant
We have carried out a number of experiments in order to establish whether styrene initiated with N-methyl-2-pyrrolidone and 1-dodecanethiol propagates via controlled radical polymerization mechanism. For the synthesis of our iniferter system we used N-methyl-2-pyrrolidone and 1-dodecanethiol, which have to the best of our knowledge not been investigated previously in order to achieve the controlled polymerization of styrene. N-methyl-2-pyrrolidone and 1-dodecanethiol react according to the mechanism revealed by Hu and Chen [19] .
where the reaction rate (r 1 (mol/(l·s))) can be written as 
where the N-methyl-2-pyrrolidone conversion, p (/), is directly linked to the peak height at specific wave number in FTIR spectra (denoted in the Experimental part), corresponding to N-methyl-2-pyrrolidone. All conversion data will be throughout the manuscript presented in terms of molar fractions, which shall be denoted as p (/).
In order to establish the temperature dependence of the rate constant k 1 , we examined the influence of reaction mixture temperature on the rate constant over a range of temperatures from 70 °C to 90 °C. FTIR spectra were obtained in-line from the reaction mixture incrementally over a period of time. Initial iniferter synthesized compounds' concentrations were calculated to be 2.98 mol/l. The determined conversion of N-methyl-2-pyrrolidone versus time is shown in Fig. 1 . In Fig. 1 it may be observed that the reaction rate, which is proportional to the square of the concentration of N-methyl-2-pyrrolidone, as well as the momentary value of interpolative curve slope in the diagram, oscillate slightly, which can assumedly be attributed to the periodical temperature changing due to isothermal regulation and to the experimental error, yet in lesser extent to the latter. Conversions of N-methyl-2-pyrrolidone are relatively low if the reaction time lapse is considered, however, this is by default a positive observation, as usually the improved product formulations' characteristics (synthesized by controlled polymerization) are achieved by creating limited active centres (in this case radical complexes) and thus sustaining less growing chains than conventionally, resulting in longer polymer chains, lower polydispersity index and more regular structure. The experiments could not have been performed at higher reaction temperature than 90 °C, because primarily, the degradation of synthesized iniferter would be at risk, and secondarily, the scission of the bonds in originally synthesized compounds and the manifestation of unwanted side reactions would probably occur.
After calculating k 1 from the slope of best-fit line in p/(1-p) versus time plot at various temperatures the Arrhenius equation was applied to describe its temperature dependence. p/(1-p) versus time plots were constructed utilizing conversion data presented in Fig. 1 . Results are presented in Fig. 2 . According to Arrhenius equation the activation energy was calculated from the curve slope ( Fig. 2) . Moreover, the temperature dependence of k 1 was found to be as follows (Eq. (6)), where R stands for the universal gas constant (J/(mol·K)).
The experimental finding was in relatively good agreement with the theoretical predictions. That is the kinetics of the two-component iniferter synthesis is in fact second order in regard to either synthesis component. N-Methyl-2-pyrrolidone and 1-dodecanethiol react according to the mechanism revealed by Hu and Chen [19] ; that is the reaction of the two-component iniferter synthesis is in fact bimolecular. The activation energy and the pre-exponential factor were determined by linear regression with the absolute error margins of 1 kJ/mol and 6·10 -4 l/(mol·s), respectively.
Controlled radical polymerization rate constant
Reaction scheme (Eqs. (6-9)) was successfully used to predict the controlled radical polymerization process of styrene, applying the mechanism similar to the one revealed by Hu and Chen [19] . In the latter case the polymerization of MMA supposedly proceeded by a living radical polymerization mechanism. In their reaction scheme [19] , however, the reversible dissociation is not shown and is not considered in kinetic equations either. The reaction scheme was therefore extended introducing a reversible activation-deactivation cycle, which is considered the principal reason for any polymerization to be controlled. Iniferter synthesis reaction is presented by Eq.
(1). Other subsequent and parallel reactions are
In addition to the synthesis of iniferter, the consequent dissociation of two-component iniferter, the addition of monomer unit onto active centre, the propagation and the reversible termination with 1-dodecanethiol, need to be considered when styrene is introduced into reaction mixture. In this kind of controlled radical polymerization primary radicals are generated by dissociation of -C(=O)-S-H bond as shown in reaction represented by Eq. (6) and decay in reaction represented by Eq. (9) which is reversible. If the reaction represented by Eq. (6) would be irreversible then the reaction of secondary radicals with 1-dodecanethiol would be a termination. In any controlled radical polymerization there is a reversible deactivation of growing radicals and activation-deactivation cycle should be fast as compared to propagation. Based on the reaction scheme the propagation (r p (mol/(l·s))) and the termination (r t (mol/(l·s))) rate equations may be written as
where [R• •S-H] represents the concentration of the species with an active radical centre (mol/l) and [R-S-H] represents the concentration of the species without an active radical centre (mol/l), whereas k d , k i , k p , k t , and k a represent the dissociation, initiation, propagation, termination and activation rate constants, correspondingly (s -1 or l/(mol·s)).
The quasi steady-state approximation cannot be used with straightforward analogy to conventional polymerization; on the other hand, certain parallels apply. Quasi steadystate may be surmised for concentration of the species with an active radical centre. Left-hand side of Eq. (12) describes the rate of the formation of CH 3 -(CH 2 ) 11 -N(-CH 3 )-(CH 2 ) 3 -C(=O)-S-H, which is the rate-determining step of the overall formation of the species with an active radical centre (rate-determining step of Eqs. (1) and (6)) and the right-hand side of Eq. (12) describes the rate of reversible deactivation of radicals (reversible termination), which represents the consumption of the species with an active radical centre. In reactions (Eqs. (7) and (8)) the species with an active radical centre are neither formed nor consumed, but rather extended for a monomer unit. Analogously to conventional radical polymerization, the quasi steady-state approximation validity may be assumed employing Eq. (2) and Eq. (11) .
Based on the reaction scheme, the rate equations and assuming that the concentration of either component for the synthesis of iniferter is in great excess in comparison to the one of the species without an active radical centre due to low conversions of the first during the controlled radical polymerization
(mol/l)) mass balance may be written for the reactor vessel of constant volume as 
where g(t) (mol/(l·s)) is defined as
In order to establish the temperature dependence of the apparent rate constant K, the influence of reaction mixture temperature on the apparent rate constant over a range of temperatures from 70 °C to 90 °C was examined. FTIR spectra were recorded incrementally over a period of time within the bulk of reaction mixture, however; the reaction mixture was sampled for the determination of the conversion by gravimetric means, as well. Initial iniferter components' concentrations were 0.0116 ± 0.0002 mol/l. Furthermore, a series of parallel experiments was executed, using the same monomer, conventional initiator, AIBN, and 1-dodecanethiol, which in this case played solely a role of chain transfer agent, whereas during the controlled polymerization it also served as iniferter synthesis component. Experiments for the controlled polymerization were designed in a way to create in principle fundamentally unfavourable conditions for the achievement of relatively narrow molecular weight distribution (high concentration of chain transfer agent), thus granting reliable comparison with the conventional polymerization concerning end product properties (polydispersity index, glass transition temperature and molecular structure) and exposing its advantages over the conventional process. Temperature dependence of the propagation rate constant for the conventional polymerization, k p , was examined over a range of temperatures from 70 °C to 90 °C, while initially adding 0.0029 mol/l, two-fold or four-fold concentration of 1-dodecanethiol into the reaction mixture. The increase of conversion with time for the controlled (a) and conventional (b) polymerization is presented in Fig. 3 . Fig. 3 shows the essential difference between the spectroscopic and gravimetric determination of conversion for controlled polymerization, while the gravimetric determination of conversion for conventional polymerization was omitted in Fig. 3 for the sake of clarity. Although spectrometric method is in its core more accurate, the determined conversions for the conventional polymerization basically coincided, but on the other hand, the flaws of gravimetric method become more apparent for the controlled polymerization, as conversions are generally low in addition to reaction product being more volatile. Therefore, the occurring error may not be considered negligible any more. In Fig. 3 one may observe that in the case of the conventional polymerization, the chain transfer agent, namely 1-dodecanethiol, practically has no effect on the polymerization kinetics, as expected. Conversions in the case of the controlled polymerization are lower (for all set synthesis temperatures) should they be compared to the conventional system. The effect of polymerization temperature indicates the analogous trend for both the controlled and the conventional system that is, the overall reaction rate increases with increasing polymerization temperature.
Rate constants K were calculated from the slope of best-fit line in -ln(1-p) versus g(t) plot at various temperatures, while k p for the conventional polymerization was calculated from the slope of best-fit line in -ln(1-p) versus f(t) plot, where f(t) was defined as
Eq. (16) is the integrated form of monomer mass balance [22, 23, 24] . Value of the initiator efficiency, f (/), initiator dissociation rate constant, k d (s -1 ), and termination rate constant, k t (l/(mol·s)), were obtained from the literature [25, 26] , whereas the initial initiator concentration, [I] 0 (mol/l), was calculated according to the system formulation. The Arrhenius equation was utilized to describe the temperature dependence of both K and k p . Results are shown in Fig. 4 and 5. According to the Arrhenius equation the activation energies were calculated from the curve slopes (Fig. 4 and 5) . Moreover, the temperature dependence of K and k p were found to be as follows (Eqs. (17) and (18) The activation energy and the pre-exponential factor were determined by linear regression with the absolute error margins of 17 kJ/mol and 1·10 -6 l/(mol·s) for the controlled and 0.3 kJ/mol and 2·10 -8 l/(mol·s) for the conventional polymerization, respectively. This type of iniferter system has never been used for the polymerization of styrene to the best of our knowledge, so the kinetic parameters may only be compared to the results of Hu and Chen, who used similar system, however, with methyl methacrylate serving as monomer [19] .
Fig. 5. Arrhenius plot for the determination of the temperature dependence of the rate constant k p (conventional polymerization).
The activation energy and the pre-exponential factor for methyl methacrylate system were determined to be 71 kJ/mol and 5.7·10 6 l/(mol·s), correspondingly. Activation energies and pre-exponential factors are within the same order of magnitude both for styrene and for MMA polymerization. Upon comparison of Eqs. (17) and (18) it may be observed that controlled polymerization is considerably slower, having both the activation energy and the pre-exponential factor lower than the conventional, resulting in lower conversions at corresponding times and other experimental conditions.
Molecular weight averages and distribution
In previous paragraphs, basic kinetic studies, which have been carried out, were presented in order to investigate whether the rates of polymerization correspond to the proposed mechanism by Hu and Chen [19] and either confirm or reject the proposed mechanism. Our results were in good agreement with theory. Controlled radical polymerization reaction at all three reaction temperatures was observed through the occurrence or disappearance of the characteristic peaks in FTIR spectra, when N-methyl-2-pyrrolidone and 1-dodecanethiol were added to the reaction mixture. Apart from merely determining whether our system's kinetics comply with the controlled mechanism, its advantages in terms of molecular weight averages and distribution were investigated, as well. The molecular weight averages increased linearly with conversion, which may be theoretically predicted in terms of number average degree of polymerization, n X (/), utilizing either one of the following equations [1, 27] 
In Fig. 6 the linear rise of the experimentally measured number and weight average degree of polymerization with conversion is presented alongside with the theoretical prediction using Eqs. (21) and (22), which yield similar dependence of conversion due to the relatively low value of k 1 .
Tab. 1.
Polymer products' PDI (after 360 min of polymerization, Fig. 3 ) for various polymerization temperatures and initial additions of chain transfer agent. The reversible activation-deactivation cycle in the reaction scheme represented by Eqs. (6-9) is responsible for the linear increase of molecular weight averages with monomer conversion. The difference between the controlled and the conventional radical polymerization system is that in the first case the reversible activationdeactivation cycle ensures a relatively low concentration of active radical centres, while in the second case AIBN is used, which increases the concentration of radicals leading to an increase of the reaction rate. Comparably lower concentrations of radicals in the case of the controlled radical polymerization may not solely be held accountable for the observed linear increase of molecular weight averages with monomer conversion, since at 15 mol. % of monomer conversion (Fig. 6 ) the linear dependence may not be ascribed only to the low concentration of radicals, but a nonconventional mechanism (Eqs. (6-9)) has to be considered as well.
Experimentally measured values shown in Fig. 6 are in good agreement with theoretical predictions (Eqs. (21) and (22)), moreover it was again confirmed that data obtained from spectroscopic measurements corresponds much better with the predictions, as the method is more reliable.
Considering polydispersity index (PDI) data, obtained from GPC measurements, it may be seen that higher addition of chain transfer agent into the reaction mixture leads to higher PDI if the governing reaction mechanism is the conventional one, while on the other hand both high chain transfer agent concentration, as well as the elevated reaction temperature of controlled polymerization reaction mixture, result in lower average PDI of the polymer products (Table 1) .
Controlled radical polymerization becomes more effective at higher temperatures, as conversions at lower temperatures are relatively low, even over longer periods of time. Therefore chain transfer reactions, which should be normally gaining in rate with increasing temperature, are in some extent inhibited due to specific mechanism, especially the termination reaction. No tendency in PDI decrease during reaction could be observed during controlled polymerization. Furthermore, no iniferter deactivation was observed. All these results imply that the polymerization indeed proceeds via the controlled mechanism. The controlled radical polymerization indeed corresponds to the proposed controlled radical polymerization mechanism (Eqs. (6-9)) even though the differences in PDI values reported in Table 1 appear to be very slight at 70 °C and plots shown in Figs. 6(a) and (b) show only data for very limited conversions. Even though the differences in PDI values reported in Table 1 appear to be very slight at 70 °C, at higher synthesis set temperatures these differences become more pronounced resulting in hardly negligible difference in PDI of 1.64 at 90 °C and 1-dodecanethiol concentration of 0.0116 mol/l. Conversion of monomer in the case of the controlled radical polymerization is undeniably low, nevertheless, in the case of the conventional radical polymerization the number and weight average degrees of polymerization did not vary linearly even at conversions as low as the ones presented in Fig. 6 .
Polymer chain structure 1 H NMR spectroscopy results in terms of polymer chain structure regularity were obtained utilizing characteristic peaks in 1 H NMR spectra. According to the literature [28], the peak attributed to α hydrogen atoms which are bonded to the same carbon atom in styrene monomer unit as phenyl group, is located between chemical shifts 1.75 ppm and 2.50 ppm and reaches its maximum at approximately 1.95 ppm. Alternatively, the peak ascribed to β hydrogen atoms which are not bonded to the same carbon atom in styrene monomer unit as phenyl group, is located between chemical shifts 1.10 ppm and 1.75 ppm and reaches its maximum at approximately 1.50 ppm. Peak integrals were compared assuming linear interdependence between the number of hydrogen atoms in question and the instrument response. Considering the completely linear structure of polystyrene backbone chain one may deduce that α and β hydrogen peak integral ratio (I Hα /I Hβ ) should equal 0.5 or as a matter of fact infinitesimally close to 0.5. When reaction conditions favour chain branching this ratio either rises or drops to considerably low value. Peak integral ratios of α and β hydrogen atoms is presented in Fig. 7 . Fig. 7 . Ratios of the peak integral for α and β hydrogen atoms for the reaction product samples, polymerizations being performed at various temperatures and chain transfer agent/iniferter additions.
In Fig. 7 is shown that controlled polymerization grants more regular/linear polymer chain structure, which is reflected in proximity of α and β hydrogen peak integral ratio to 0.5 (more specifically 0.492 and 0.497 for the controlled polymerization at 85 °C and 90 °C, respectively). It is evident that higher reaction temperature and concentration of chain transfer agent affects the polymer chain structure favouring promotion of side-branching and interlacing, which is manifested as the deviation from the ideal ratio value of 0.5.
Glass transition temperatures
Glass transition temperatures (T g ) for the reaction product samples were obtained using differential scanning calorimetry (DSC) measurements. Glass transition temperatures were linked to polymer product's thermal characteristics. The glass transition temperatures are presented in Fig. 8 .
The glass transition temperature of the polymer product synthesized by the application of iniferter system was a few degree Celsius higher than the one polymerized in AIBN system. Glass transition temperatures were in the range between 74 °C and 91 °C for the conventional polymerization of styrene and between 93 °C and 95 °C for the controlled polymerization. Fig. 9 evidently shows that glass transition temperatures descend with increasing synthesis temperature. One may also note that reaction product's thermal properties deteriorate with increasing chain transfer agent addition. 
Conclusions
The polymerization of styrene with N-methyl-2-pyrrolidone and 1-dodecanethiol proceeded according to living radical polymerization mechanism. The rate of conventional and controlled styrene polymerization was studied, as well as twocomponent iniferter synthesis, with the integration of mass balances for species in question, using previously proposed mechanism for methyl methacrylate. Controlled polymerization reaction rate was slower than that of the conventional radical polymerization initiated by AIBN. The activation energy for the controlled and the conventional system were 69.1 kJ/mol and 32.5 kJ/mol, correspondingly, whereas the pre-exponential factors were determined as 3.90·10 6 I/(mol·s) and 2.17·10 7 l/(mol·s), respectively. Both were lower in the case of controlled as compared to AIBN system. The activation energy of iniferter synthesis reaction was 27.2 kJ/mol, whilst the pre-exponential was 0.0146 l/(mol·s). During polymerization, 1-dodecanethiol played the double role, firstly as an iniferter synthesis component in the early stage, and secondly as a chain transfer agent in the later stage, which could potentially slow down the gel effect at higher conversions. It has been observed that molecular weight averages increased linearly with conversion and that polymer products' PDI were lower in controlled than in conventional system. Moreover, controlled polymerization led to a more regular polymer structure. The analysis of thermal properties showed that the glass transition temperature of controlled polymerization product was higher than the one obtained in AIBN system.
Experimental part
Materials
Styrene (S) (Aldrich, Rohm and Haas, 99.0 mol.% purity) was washed with 10 wt.% solution of sodium carbonate in distilled water, dried over night with non-aqueous sodium sulphate, distilled twice under reduced pressure and then purged with argon to remove oxygen. Monomer was used immediately after the purification. 2,2'-azobis(2-methylpropionitrile) (AIBN) (Fluka, 98.0 mol.% purity) and N-methyl-2-pyrrolidone (NM2P) (Aldrich, 99.5 mol.% purity), as well as 1-dodecanethiol (1DT) (Merck, 98.0 mol.% purity) were used as initiators, whereas the last also served as chain transfer agent. AIBN was used as the initiator for conventional radical polymerization. N-methyl-2-pyrrolidone and 1-dodecanethiol were used as components for the synthesis of two-component iniferter. All solvents used for precipitation were dried, purified and distilled twice in dry argon to remove all oxygen.
Polymerization
Bulk homopolymerization was carried out at various temperatures, initiator, and iniferter concentrations. Reaction mixtures were put in 500 ml reactor (Duran) equipped with anchor impeller, the tube for the introduction of nitrogen bubbles, digital thermometer (Testo 925) and ProcessIR TM 4000 (ASI Applied Systems) probe, or 100 ml flask, which was equipped likewise except for the anchor impeller that was replaced by magnetic stirrer. Reaction mixtures were prepared by adding the appropriate amounts of styrene (which was preliminary heated to desired temperature), AIBN and 1-dodecanethiol or N-methyl-2-pyrrolidone and 1-dodecanethiol into the reactor vessel for conventional or controlled radical polymerization, respectively. For the determination of two-component iniferter synthesis rate constant, both components were heated separately to desired temperature and when this temperature was reached, both components were put in the reactor. Prior to any experiment, the reaction mixture was subjected to the extensive blowing of purified nitrogen into it for about 30 minutes, as to provide inert atmosphere.
Fourier transform infrared spectroscopy (FTIR)
Conversions were determined both by gravimetric method and by Fourier transform infrared (FTIR) spectroscopy [21] . According to the first method, the reaction mixture was sampled using a glass tube, periodically over reaction progress thereafter dissolved in 20-fold excess of methanol, which resulted in the precipitation of polymer. Methanol and remaining monomer were then decanted, leaving the precipitated material to dry until constant weight was obtained. On the other hand, the spectroscopic method allowed us to calculate conversions more accurately by tracking the change in the height of characteristic styrene double bond signal between 1630 and 1660 cm -1 . The scission of tertiary amide bond and hence the conversion of N-methyl-2-pyrrolidone was monitored in-line by FTIR spectroscopy at 1505 cm -1 , and between 1630 and 1680 cm -1 . Spectra were recorded utilizing ProcessIR TM 4000 (ASI Applied Systems) and processed with the program ReactIR 
Gel permeation chromatography (GPC)
Molecular weight averages and distributions (MWD) were determined by gel permeation chromatography (GPC) with Polymer Laboratories' modular liquid chromatograph Perkin-Elmer LC 250 (pre-column and PLgel. 5 μm MIXED-D column, number of theoretical stages > 50000). It was calibrated with polystyrene (PS) and poly(methyl methacrylate) (PMMA) linear standards (Toyo Soda Manufacturing). Tetrahydrofuran (THF, oxacyclopentane) (Fluka, 99.8 mol.% purity) was used as eluent at 1 ml/min flow rate. All samples were filtered through 0.2 μm polytetrafluoroethylene (PTFE) filters prior to measurements. Differential refractometer LC 30 RID was used. Molecular weight averages were calculated with PE Nelson 2600 and 2900 programs.
Molecular weights were also measured by GPC on PLgel columns with pore sizes of 50 nm, 100 nm, and 1000 nm. THF was used as eluent, as well. Narrow MWD polystyrene standards were used for column calibration.
Proton nuclear magnetic resonance spectroscopy ( 1 H NMR)
1 H spectra were measured by Bruker AVANCE-DPX 300 instrument (300 MHz).
Trichloromethane-d (CDCl 3 ) (Aldrich, 100.0 mol.% purity) was used as solvent. All 1 H signals were quoted on tetramethylsilane (TMS) (Aldrich, 100.0 mol.% purity) as internal standard. The structure analysis of PS was performed by the comparison of the ratio of PS α protons' signals and β protons' signals (bonded either to the carbon atom with phenyl substituent or the other one, correspondingly) in 1 H NMR spectra.
Differential Scanning Calorimetry (DSC)
The determination of glass transition temperatures was performed on Mettler Toledo 821 e instrument with intra-cooler and using STAR e software for thermogram processing. Indium (In) (Mettler Toledo, 100.0 mol.% purity) and Zinc (Zn) (Mettler Toledo, 100.0 mol.% purity) standards were applied for the temperature calibration and for the determination of the instrument time constant. For the heat flow calibration, In standard was used. In order to study the effect of various parameters on the temperature of glass transition of PS, the measurements were performed in the temperature range between 25 ºC and 200 ºC at a heating rate of 20 K/min in inert nitrogen atmosphere. Standard aluminium pans were used.
